We have investigated the sulfation of thyroid hormones (THs) in the cytosol from Rana catesbeiana 30 tadpole tissues. Sulfation of 3,3',5-triiodothyronine (T 3 ) by the liver cytosol, which was dependent on 31 protein amount, incubation time, and temperature, suggested the presence of TH sulfotransferases (SULTs) 32 in the liver. The apparent Michaelis-Menten constant (K m ) of the liver cytosol was 0.22 μM for T 3 , and the 33 apparent maximum velocity (V max ) of the liver cytosol was 7.65 pmol/min/mg protein for T 3 . Iodothyronine 34 sulfating activity in the liver cytosol was increased in tadpoles at premetamorphic (stages IX-X) and 35 metamorphic climax (stage XX) stages, and in adult frogs. The substrate preference of iodothyronine 36 sulfation for the liver cytosol from tadpoles (stage X) was: 3,3',5'-triiodothyronine > T 3 > 37 3,3',5,5'-tetraiodothyroacetic acid > 3,3',5-triiodothyroacetic acid, T 4 , 3-iodothyronine > 38 3,5-diiodothyronine. Several halogenated phenols were potent inhibitors (IC 50 = 0.15-0.21 μM). The 39 substrate preference for T 3 was gradually lost by the onset of metamorphic climax stages. These enzymatic 40 characteristics of iodothyronine sulfation in the liver cytosol from tadpoles resembled those of mammalian 41 phenol SULTs, except that the tadpole cytosol had a higher affinity (one or two orders of magnitude) for T 3 42 than mammalian SULTs. These results suggested that an enzyme homologous to mammalian phenol SULT 43 (SULT1) may be involved in TH metabolism in tadpoles. 44 45
3

Introduction 49
Thyroid hormones (THs, iodothyronines) are iodinated amino acid-derived hormones, most of which 50 are secreted as thyroxine (L-3,3',5,5'-tetraiodothyronine, T 4 ), from the thyroid gland into the bloodstream. 51
In peripheral tissues, T 4 is metabolized to 3,3',5-triiodothyronine (T 3 ), an active form of TH, by outer ring 52 deiodinase (5'D) or 3,3',5'-triiodothyronine (rT 3 ), an inactive form of TH, by inner ring deiodinase (5D). 53
THs are also metabolized by nondeiodination pathways, such as sulfation, glucuronidation, ether link 54 cleavage, deamination, and decarboxylation (Wu et al., 2005) . Of these pathways, iodothyronine sulfation 55 in mammalian species has been a key research focus (Visser, 1996; Darras et al., 1999) . However, little is 56 known about the extent to which sulfation contributes to TH metabolism in amphibians, especially during 57 metamorphosis, which is obligatorily regulated by THs. The study of the sulfation by Xenopus laevis 58 oocyte cytosol suggested the presence of sufotransferases (SULTs) with a substrate preference for rT 3 59 (Friesema et al., 1998) . This is different from the characteristics of the mammalian SULTs (Young et al., 60 1988; Gong et al., 1992; Kaptein et al., 1997; Visser et al., 1998) . 61
Sulfation of iodothyronines is catalyzed by cytosolic sulfotransferases (SULTs), a supergene family of 62 8 (EDTA), 1 mM MgCl 2 , 1 mM dithiothreitol, 1 mM benzamidine hydrochloride, and 1 mM 149 phenylmethanesulfonyl fluoride, pH 7.5, using a glass Teflon homogenizer. The crude homogenate was 150 centrifuged at 1,200 × g for 15 min at 4˚C to remove the nuclear pellet. The post-nuclear supernatant was 151 further centrifuged at 12,000 × g for 20 min at 4˚C to separate the crude mitochondrial/lysosomal pellet 152 from the supernatant. The resulting post-mitochondrial/lysosomal supernatant was centrifuged at 153 105,000 × g for 2 h at 4˚C to obtain the clear supernatant (cytosol), which was stored in 10% glycerol at 154 -80˚C until required. The protein concentration was determined by the Bradford (1976) method, using 155 γ-globulin as the standard. 156 157
Assay of iodothyronine SULT activity 158
Iodothyronine sulfating activity was measured as described (Young et al.,1988; Kaptein et al., 1997) . 159
Briefly, 1 μM T 3 containing 100,000 dpm [
125 I]T 3 or 1 μM T 4 containing 100,000 dpm [ 125 I]T 4 was 160 incubated with 0.3 mg/mL cytosolic proteins in the presence (complete) or absence (blank) of 50 μM PAPS 161 in 0.2 mL of 0.1 M sodium phosphate, pH 7.2, and 2 mM EDTA for 30 min at 16˚C. The reaction was 162 started by adding the cytosol and was stopped by adding 0.8 mL 0.1 N HCl to the reaction mixture. The 163 formation of iodothyronine sulfate was analyzed using Sephadex LH-20 chromatography on a mini-column 164 (bed volume, 0.75 mL), pre-equilibrated with 0.1 N HCl, as described (Rooda et al., 1987) . Free iodine, 165 sulfated iodothyronines, and nonsulfated iodothyronines were eluted successively using six 1 mL aliquots 166 of 0.1 N HCl, ten 1 mL aliquots of distilled water and six 1 mL aliquots of 0.2 M ammonia/ethanol (1/1, 167 vol/vol) (Rutgers et al., 1987) . One-mL fractions were collected and their radioactivity was measured in a 168 gamma counter (Auto Well Gamma System ARC-380CL, Aloka, Japan). Iodothyronine sulfation was 169 estimated by subtracting the radioactivity of the blank samples (without PAPS) from that of the complete 170 samples (with PAPS). 171 9
Statistical analysis 173
The data are presented as the mean ± standard error of mean (n = 3), unless otherwise noted. All 174 experiments were repeated independently three times. Where appropriate, differences between two groups 175 were evaluated statistically by a two-way analysis of variance followed by Fisher's 176 least-significant-different method for multiple comparisons. P < 0.05 was considered statistically 177 significant. 178
Results 179
Assay conditions of iodothyronine sulfation by tadpole liver cytosol 180
Our findings suggest that the liver cytosol from R. catesbeiana tadpoles (stage X) contains TH sulfating 181 activity. In terms of the amount of protein in the liver cytosol, T 3 sulfating activity increased steadily as the 182 protein amount (up to 0.24 mg) increased (Fig. 1A) . In terms of incubation time, T 3 sulfation increased 183 linearly for at least 90 min (Fig. 1B) . In terms of temperature, T 3 sulfation increased gradually as 184 temperature increased before reaching a plateau at about 22˚C (Fig. 1C) . 185 186
Enzyme kinetics 187
Saturation kinetics was demonstrated for T 3 sulfation by the liver cytosol from R. catesbeiana tadpoles 188 (stage X) at varying concentrations (0-16 μM) of T 3 and a fixed concentration (50 μM) of PAPS ( Fig. 2A) . 189
The double-reciprocal plot of sulfation rates vs. T 3 concentration was linear ( Fig. 2A, inset concentrations (0-10 μM) of PAPS (Fig. 2B) . From the double-reciprocal plot (Fig. 2B, inset) , the apparent 193 K m for PAPS was 2.41 μM and the apparent V max was 99.2 pmol/min/mg protein. When T 4 sulfation by the 194 liver cytosol from R. catesbeiana tadpoles was investigated using the same assay procedure, the rate of T 4 195 sulfation was lower than that of T 3 sulfation. The substrate specificity of the tadpole liver cytosol 196 sulphating activity as expressed by V max /K m value was 11-fold greater for T 3 (34.8) than that for T 4 (3.10) 197 (Table 1) . 198 199
Temporal and spatial expression patterns of TH sulfating activity in tadpole cytosol 200
The pattern of liver TH sulfating activity during development was of particular interest because of three 201 distinct stages of activity (Fig. 3A) . T 4 sulfating activity in liver cytosol was highest in adult frogs, 202 followed by tadpoles at the beginning of the metamorphic climax stage (stage XX) and at the 203 premetamorphic stage (stage X). Liver cytosol from tadpoles at other stages had relatively low T 4 sulfating 204 activity. T 3 sulfating activity in liver cytosol was highest in tadpoles at the premetamorphic stages (stages 205 IX and X), followed by adult frogs then tadpoles at the prometapmorphic stages (Stages XV, XVIII and 206 XX). In adult frogs, both T 4 and T 3 sulfating activities were slightly higher in males than in female. The 207 T 3 :T 4 sulfating activity ratio was high (about 4.5) at stage IX, decreased during the premetamorphic (stage 208 X) and prometamorphic (stages XV and XVIII) stages to a minimum (about 1) before the metamorphic 209 climax stages (stage XX) (Fig. 3A, inset) . This ratio was maintained in the liver cytosol from froglets, and 210 adult frogs. In terms of tissue-specific TH sulfating activities in cytosol from tadpoles (stage X), T 4 and T 3 211 sulfating activities were highest in the liver, followed by the kidney, intestine, and brain ( Fig. 3B) . 212 213
Substrate-specificity of T 3 sulfating activity 214
Of the iodothyronines and their analogs investigated, rT 3 was the most potent competitor of T 3 sulfation 215 in liver cytosol from tadpoles (stage X) (50% inhibitory concentration [IC 50 (Fig. 4A ). Of the mammalian SULT 219 substrates investigated, DHEA, diethylstilbestrol, p-nitrophenol, dopamine, and E 2 (all at 1μM) inhibited T 3 220 sulfation by the liver cytosol by 55%, 42%, 20%, 13%, and 10%, respectively (Fig. 4B) . The IC 50 for 221 DHEA was 860±70 nM. 222 223
Inhibitions of iodothyronine sulfating activity 224
Of the halogenated phenol and phenolic compounds tested, pentachlorophenol, pentabromophenol and 225 triiodophenol were potent inhibitors of T 3 sulfation by the liver cytosol from tadpoles. Pentachlorophenol (halogenated phenolic compounds consisting of two benzene rings) were also potent inhibitors (inhibition 232 at 1 μM = 52 and 45%, respectively; IC 50 for tetrabromobisphenol A = 970±30 nM) (Fig. 5B) . However, 233 nonylphenol and bisphenol A (non-halogenated phenol and phenolic compounds) had little effect on T 3 234 sulfation (inhibiton at 1μM = 4% and 9%, respectively). 235 236
Discussion 237
In this study, we have characterized the biochemical properties of iodothyronine sulfating activity in the 238 liver cytosol from R. catesbeiana tadpoles. Our findings suggest that the affinity of the enzyme in the 239 tadpole liver cytosol for T 3 was higher than those of the enzymes in the liver cytosol from other species. As 240 2,6-dichloro-4-nitrophenol and other halogenated phenols, dopamine, E 2 , and DHEA inhibited significantly 241 , 1997; Visser et al. 1998; Kester et al., 1999) ; and (iv) a V max /K m ratio for T 3 was one order of 249 magnitude lower than for 3,3'-T 2 (300-1100 vs 34.8; Kaptein et al. 1997; Visser et al. 1998; Kester et al., 250 1999; Kester et al., 2003) . In contrast, the V max /K m ratio for PAPS of the liver cytosol from tadpoles was 251 similar to that of mammalian SULTs (Young et al., 1988; Kaptein et al., 1997; Kester et al. 1999) . 252
The liver cytosol from tadpoles is remarkable for its relatively high TH sulfating activity at stage XX, 253 after which TH-dependent remodeling occurs in the liver. However, developmental changes in 254 iodothyronine sulfating activity are likely to be species specific. TH sulfating activity was high in the liver 255 cytosol from R. catesbeiana tadpoles at premetamorphic (stages IX-X) and metamorphic climax stages 256 (stage XX) and from adults. In the liver from axolotls, 3,3'-T 2 sulfating activity was highest during 257 premetamorphosis and decreased gradually during metamorphosis (Reyns et al., 2000) . In contrast, the 258 expression of the zebrafish iodothyronine SULT (SULT1AST5) was observed at the beginning of the 259 hatching period during embryogenesis, and gradually increased throughout the larval stage into maturity 260 (Yasuda et al., 2005) . 261
Of the iodothyronines and their analogs, rT 3 and T 3 were the preferred substrates for sulfation by the 262 liver cytosol from tadpoles. This substrate preference resembles that of the zebrafish iodothyronine SULT 263 (SULT1AST5), which belongs to the SULT1 family (Yasuda et al., 2005) . Except for the its preference for 264 T 3 , the liver cytosol from tadpoles had a rank order of the potency that was similar to those for mammalian 265 liver SULT1 family enzymes (Visser et al., 1998; Kester et al., 1999) . In contrast, the substrate preference 266 of enzymes obtained from chicken liver (Reyns et al., 2000) , axolotl and Xenopus oocytes (Friesema et al., 267 1998; Reyns et al., 2000) , and rainbow trout liver (Finnson & Eales, 1998) was extremely higher for rT 3 268 than for T 3 . Given that the liver cytosol from tadpoles has the IC 50 value for rT 3 that was merely 1.6 times 269 less than that for T 3 , the tadpole liver may catalyze T 3 sulfation as well as rT 3 sulfation before metamorphic 270 climax stages. 3,3'-T 2 is also one of the preferred substrates of mammalian iodothyronine SULTs. Although 271 we did not investigate 3,3'-T 2 sulfation by the liver cytosol from tadpoles, 3,3'-T 2 S has been detected with 272 rT 3 S, but not with T 3 S, in the plasma of metamorphosing tadpoles (stages X and XX) (Wu et al., 1998) . 273
This suggests that 3,3'-T 2 may also be a preferred substrate of tadpole SULTs. 274
Results from this study suggest that the liver cytosol from tadpoles, like that from mammals, may 275 contain more than one SULT isoform that may have more than one substrate. In mammals and zebrafish, 276 several SULTs belonging to the SULT1and SULT2 families have iodothyronine sulfating activity (Visser, 277 1996; Wu et al., 2005; Gamage et al., 2006; Sugawara et al., 2003a; 2003b; Yasuda et al., 2005) . In humans, 278 there are several SULT isoforms that sulfate more than one substrate and have overlapping substrate 279 specificity, e.g., SULT1A1 sulfates simple phenols, iodothyronines, and estrogens (Stanley et al., 2005; 280 Gamage et al., 2006) . We found that the T 3 :T 4 sulfating activity ratio decreased during development from 281 premetamorphosis to prometamorphosis and that competition between T 3 and [
125 I]T 3 sulfation by the 282 tadpole liver cytosol was one order of magnitude higher than that by the adult liver cytosol. These results 283 suggest that a SULT isoform with high T 3 preference may exist in the liver cytosol of tadpole during 284 premetamorphosis, and may be displaced by another SULT isoform with a low T 3 preference during 285 metamorphosis climax. In addition, we demonstrated that the liver cytosol from tadpoles sulfated more than 286 one substrate, including p-nitrophenol, dopamine, E 2 , and DHEA, as well as iodothyronines. 287 Iodothyronine SULT(s) in R. catesbiana tadpoles may be a molecular target for chemicals known to 288 disrupt the amphibian thyroid system. Amphibian tadpoles have a thin, permeable skin and inhabit aquatic 289 environments. As a result, they are susceptible to contaminants in the wastewater discharges from 290 agricultural fields, and industrial and household areas. Our previous studies indicated that 291 pentachlorophenol, triiodophenol, ioxynil, 3,3',5,5'-tetrabromobisphenol A, and 292 3,3',5,5'-tetrachloroobisphenol A affect the amphibian thyroid system by interfering with either TH 293 binding to plasma proteins or TH nuclear receptors in vivo and in vivo (Ishihara et al., 2003; Kudo and 294 Yamauchi, 2005; Kudo et al., 2006) . In this study, [
125 I]T 3 sulfation by the tadpole liver cytosol was 295 strongly inhibited by halogenated phenols and phenolic compounds. 2,6-Dichloro-4-nitrophenol, an 296 inhibitor of mammalian SULT1A1, inhibited T 3 sulfation by the liver cytosol from tadpoles; inhibition was 297 one order of magnitude lower than that by the liver cytosol from mammals (Young et al., 1988; Gong et al., 298 1992) or recombinant SULT1A1 (Fujita et al., 1999) . Simple phenols (pentachlorophenol, 299 pentabromophenol, and 2,4,6-triiodophenol) were the most potent inhibitors, whereas phenolic compounds 300 (3,3',5,5'-tetrabromobisphenol A and 3,3',5,5'-tetrachlorobisphenol A) were moderate inhibitors of T 3 301 sulfation by liver cytosol from tadpoles. In addition, these compounds inhibit 3,3'-T 2 or T 3 sulfation by 302 mammalian and rainbow trout liver (Visser et al., 1998; Gong et al., 1992; Schuur et al., 1998; Finnson and 303 Eales, 1998) . 304
Given our findings, we propose two possible pathways of iodothyronine metabolism in the tadpole liver 305 (Fig. 6) . As iodothyronines in the tadpole plasma increase to detectable concentrations during 306 premetamorphosis (stage XIII), peak during metamorphosis climax (stages XX-XXII), then gradually 307 decrease (White and Nicoll, 1981) , T 4 and T 3 would need to be metabolized quickly to rT 3 S [Pathway (I)] 308 and to 3,3'-T 2 S [Pathway (II)], respectively, by both 5D and SULT(s) before metamorphic climax stages. 309
In both pathways, two routes are possible. To know which route is predominant, we would need to 310 determine whether the R. catesbeiana 5D, like the mammalian 5D (Visser, 1996) , prefers T 4 S and T 3 S, 311 rather than T 4 and T 3 as substrates. The tadpole liver has high activity of 5D until stage XIX, but no activity 312 of 5'D, which is expressed in the intestine, tail, leg, eye, and skin in a tissue-specific manner during 313 metamorphosis (Becker et al., 1997) . R. catesbeiana 5D has an affinity for T 3 one order of magnitude 314 higher than for T 4 (Galton and Hiebert, 1987) . These pathways would protect the tadpole liver against 315 excess THs before the metamorphic climax stages, and would need to be fine-tuned for the onset of 316 T 3 -dependent remodeling at a defined metamorphic climax stage. The concentrations of T 4 S and T 3 S are 317 negligible in tadpole plasma (Wu et al., 1998) , unlike those in mammalian fetal plasma (Visser, 1994; 318 1996; Wu et al., 1998; Darras et al., 1999; Wu et al., 2005) . Therefore, iodothyronine sulfation in the 319 tadpoles would not provide a TH reservoir comparable to those in mammalian fetuses, in the forms of T 4 S 320 and T 3 S from which active THs are recovered by sulfatases (Hazenberg et al., 1988) . 321
In conclusion, we discovered T 3 sulfation activity with a low K m in the liver cytosol from R. 322 catesbeiana tadpole that decreased during premetamorphic and prometamorphic stages. The enzymatic 323 characteristics of this activity, in terms of substrate preference and sensitivity to inhibitors, resemble those 324 of mammalian phenol SULTs belonging to the SULT1A family. Our findings suggest that the potential 325 SULT(s) in the liver of tadpoles may play a role in iodothyronine metabolism and cellular actions 326 modulated by THs at low concentrations before metamorphic climax (stage X). 327 
